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ABSTRACT 

A sensitive observation of the CO (J = 1-0) molecular line emission in the host galaxy of GRB 
030329 {z — 0.1685) has been performed using the Nobeyama Millimeter Array in order to detect 
molecular gas and hidden star formation. No sign of CO emission was detected, which invalidates 
our previous report on the presence of molecular gas. The 3cr upperlimit on the CO line luminosity 
(L'co) of the host galaxy is 6.9 x 10^ K km s~^ pc^. The lowerlimit of the host galaxy's metallicity 
is estimated to be 12 + log(0/H) ~ 7.9 , which yields a CO line luminosity to H2 conversion factor 
of aco = 40 M0 (K km s~^ pc^)~^. Assuming this aco factor, the 3cr upperlimit on the molecular 
gas mass of the host galaxy is 2.8 x 10^^ M©. Based on the Schmidt law, the 3<j upperlimit of the 
total star formation rate (SFR) of the host galaxy is estimated to be 38 yr~^. These results 
independently confirm the inferences of previous observations in the optical, submillimeter, and X-ray 
band, which regard this host galaxy as a compact dwarf galaxy, and not a massive, aggressively star 
forming galaxy. 

Subject headings: galaxies: ISM — gamma rays: bursts — gamma rays: individual (GRB 030329) — 
radio lines: galaxies 



1. INTRODUCTION 

Long-duration gamma ray bursts (GRBs) provide 
a new and powerful means to detect distant galax- 
ies and star formation. Due to their extremely ener- 
getic (~10^^ ergs) dust transparent gamma-ray emis- 
sions, GRBs can be detected from cosmological dis- 
tances. It is now widely believed that GRBs accom- 
pany core -collapses of m assive stars (e.g., Stanek et ahl 
120031 : [Hiorth et all 120031 ) and many GRBs have been 
found in star form ing galaxies (e.g . , iBloom et al.1 l2003l : 
iBerger e t all 120031 : ISollerman et al.ll200 5h. This implies 
that the GRB formation rate (GFR) within a certain 
redshift bin is probably correlated w ith the star forma- 
tion rate at that epoch ( T otani 1993; IWiiers et allll998l : 
iBlain Nataraianl[200(l . If so, GRBs hold the poten- 
tial to become extremely powerful tracers f or distant star 
form ation, extending the Mad au dia^rani (iMadau et al.l 
119961 ) up to z > 20 (Lamb R.eichartl I2OOOD . How- 
ever, there is no guarantee that the GFR is correlated 
only to the global SFR. The evolution of metallicity 
(|Stanek et al.ll2006l : iFvnbo et al.l[2006l) or the stellar ini- 
tial m ass function (IMF) in galaxies ([Ramirez- Ruiz et al.l 
120021 ) could indeed influence the GFR. Of course, being 
able to track any of these parameters to cosmological dis- 
tances will be very fruitful. Studying the basic properties 
of the GRB host galaxies is essential to precisely under- 
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stand the type of evolution we are tracking by counting 
the GRBs. 

GRB host galaxies often appear to be blue, sub- 
luminous, and low- metal dwarf galaxies in the op- 
tical/UV ba nd, with a moderate S FR of 10~^ ^ 
10^ Mc^ yr~^ (iFynbo et al.i r2003: Chri stensen et al.ll2004l: 
ISollerman et al .I l2005f ). On the other hand, [Ber ger et al.l 
(|2003[ ) have reported that some GRB host galaxies 
emit strongly in the submillimeter continuum, corre- 
sponding to SFRs higher by a few orders of magni- 
tude compared to the SFRs measured in the optical/UV 
band, resembling active starforming galaxies enshrouded 
in heavy cl ouds of dus t, co mmonly found at simi- 
lar redshifts dBlain et al.lll999l : iFranceschini et al.l[200TI : 
|ChaDL& Elbaz 2001). However, these GRB host galaxies 
were not detected by subsequent sensitive observations 
in the nea r /mid infrared window using the Spitzer space 
telescope (|Le Floc'h et al.ll2006f ). which renders conver- 
sion between the observed submillimeter fluxes and SFR 
suspect. Clearly, conflrmatory measurements in these 
wavelengths as well as more observations based on other 
independent methods are necessary for understanding 
this discrepancy. 

Measuring the CO line luminosity (L'co) of GRB host 
galaxies can possibly resolve this discrepancy. The cor- 
relation between a galaxy's L^co and its total molecular 
gas m ass (Mhs) is well known (Solomon & vanden BoutI 
I2OO5I ). Once the M^^ and subsequently the molecular 
gas surface density (Shs) are known, its tot al SFR can 
be es timated using the global Schmidt law (|Kennicuttl 
Il998l ). Since millimeter waves penetrate through dust, 
the total SFR of a galaxy measured in this manner 
is influenced neither by its dustiness nor its dust tem- 
perature. However, to date, no CO measurements of 
the of GRB host galaxies have been performed. 

This is mainly because GRBs are found at cosmologi- 
cal distances ( 2.7 for GRBs detected by Swift; 
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iJakobsson et al.|[2QQ6f ), and their CO emission is too faint 
to be detected by the existing mihimeter wave telescopes. 

Here, we present the results of an observation of the 
CO (J = 1-0) molecular line emission in the host galaxy 
of GRB 030329 using the Nobeyama Millimeter Array 
(NMA). GRB 030329 is one of the GRBs that occurred 
closest to the Earth {z = 0.1685; iGreiner et all l2003l : 
iCaldwell et J][2QM ) and was the third closest one to us 
at the time of observation^. The optical image of the host 
galaxy appears to be a dwarf galaxy resembling the Small 
Mage llanic Cloud (SMC) (My - -16.5, Fruchter et all 
|2003[ ) wit h a moderate extinctio n-corrected SFR of ^0.5 
Mc^ y r~^ (|Matheson et al.ll2003[ ). However. iKohno et all 
(|2005L K05, hereafter) found a possible feature of CO (J 
= 1-0) emission in the millimeter wave spectrum during 
an afterglow observation using the NMA, showing that 
the host galaxy possibly possesses an enormous amount 
of molecular gas (Mhs > 10^ Mq). This amount is sub- 
stantially more than what would be expected from the 
optical faint ness of the host galaxy. For example, the to- 
tal molecluar g as mass of the SMC is only >4 xlO^M© 
(|Mizuno et al.ll200l] ). If this line actually exists then it 
would imply that a large amount of star formation in this 
galaxy is obscured by heavy dust clouds. This would 
certainly support the relationship between the GRBs 
and star formation. Therefore, the host galaxy of GRB 
030329 was considered to be the best target to conduct 
the first ever deep CO (J =1-0) observation. 

Assuming a cosmology with Hq = 71 km s~^ Mpc~^, 
Qm = 0.27, and Qa = 0.73, the luminosity distance of 
GRB 030329 is = 802 Mpc, and the angular distance 
is = 587 Mpc (1'' corresponds to 2.85 kpc). 

2. OBSERVATIONS AND DATA ANALYSIS 

We conducted a set of sensitive observations of the CO 
(J = 1-0) emission in the host galaxy of GRB 030329 
using the NMA. The observational log is presented in 
Table [H The observation was performed in two peri- 
ods that were separated by 4 months. The first period 
was from 2004 December 9 to 14 and the second one 
was from 2005 April 22 to 29. The most compact con- 
figuration (D array; baseline lengths ranged from 13 m 
to 82 m) was used for the observations. The tracking 
frequency was set at 98.824 GHz or 98.905 GHz to ob- 
serve the redshifted CO (J = 1-0) line (-98.65 GHz) at 
the upper side band (USB). The center frequency was 
shifted to ensure that the detected line feature is actu- 
ally due to molecular emission and not due to any un- 
expected correlator bandpass characteristics. The lower 
side band (LSB) was centered at 86.825 GHz and 86.905 
GHz, respectively. Each band was separated by a 90° 
phase switching o f the reference signal. The Ultra-wide 
Band Correlator (|Okumura et al.l I2OOOI ) was configured 
to cover a bandwidth of 1024 MHz per side-band with a 
resolution of 8 MHz. 

The radio sources B 1741-038 and 3C 84 were observed 
every —20 minutes for amplitude and phase calibra- 
tions, and the passband shape of the system was deter- 
mined based on the observations of the strong continuum 
sources - 3C 84 or 3C 279. We also observed B1040+244 
and B0953+254 several times during each observation 
run to verify the consistency of the amplitude calibration. 

^ http://www.mpe.mpg.de/ jcg/grbgen.html 



TABLE 1 

Nobeyama Millimeter Array Observations of 
GRB 030329 



UT date Duration /uSB ^sys Seeing 
(hr) (GHz) (K) 



(1) 


(2) 


(3) 


(4) 


(5) 


2004 Dec 8 


8.8 


98.905 


157 




2004 Dec 9 


10.3 


98.905 


174 




2004 Dec 10 


10.3 


98.905 


158 




2004 Dec 11 


8.8 


98.825 


194 


Bad 


2004 Dec 12 


10.8 


98.825 


184 


Bad 


2004 Dec 13 


8.7 


98.825 


156 




2005 Apr 22 


7.0 


98.905 


139 




2005 Apr 23 


9.1 


98.825 


152 




2005 Apr 24 


9.1 


98.825 


258 




2005 Apr 25 


7.0 


98.825 


197 


Bad 


2005 Apr 26 


7.5 


98.905 


176 




2005 Apr 27 


5.5 


98.905 


180 




2005 Apr 28 


8.0 


98.905 


163 





Note. — (1) Observation date. (2) Observa- 
tion Duration. The net on-source integration time 
is typically about half of this. (3) The center of 
the USB frequency. (4) System noise temperature 
in DSB. (5) Atmospheric stability. "Bad" implies 
that a large fraction of the visibility data (^50 %) 
was discarded due to significant phase noise. 

The flux densities of B1040+244 and B0953+254 were 
determined several times during the observation runs; 
the flux density of B1040+244 ranged from 0.92 to 0.97 
Jy, and that of B0953+254 was 0.93 Jy. In this study, we 
adopted a constant flux value of 1.0 Jy for both of these 
sources throughout the observation runs. 

The raw visibilities were edited and calibrated usin g 
the NRO UVPROC-II package (Tsuts umi et al.l [19971) . 
Images were produced using the NRAO AIPS task 
IMAGR. By applying different levels of smoothing to the 
observed data, with a native spectral resolution of 8 MHz 
(24.3 km s~^), we produced series of intensity maps and 
spectrum with various spectral resolution. The upper- 
limits on the CO flux, discussed in the subsequent sec- 
tions, are based on the rms noise level measured over 
these intensity maps. 

3. RESULTS 

Although we carefully examined the produced spec- 
trum and intensity maps, no sign of CO emission from 
the host galaxy of GRB 030329 could be found, neither 
in the data that was newly acquired from our observa- 
tion, nor in this data combined with those reported in 
K05. As the significance of the possible emission feature 
reported earlier in K05 was merely 2 a, we believe that 
in all likelihood it was purely noise. In this section, we 
present the upperlimits placed on the total CO (J = 1-0) 
flux of the host galaxy of GRB 030329. 

3.1. New Data 

Prior to adding our data to that of K05, we analyzed 
our data alone. This is because (1) our observation was 
conducted more than a year after the burst; thus, the 
possibility of contamination from the emission of the 
burst is excluded, although the continuum component 
of the emission was properly subtracted in K05 as well. 
(2) Further, the band pass characteristics of the instru- 
ments used for observation drift over the years and the 
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two sets of data can be regarded as being obtained from 
two independent instruments, at least to some extent. 
Therefore, the separate analysis of the data enables a 
cross-check for any instrumental errors. 

Because the velocity width (A'^;) of the CO line could 
not be measured, we assumed two different velocity 
widths to estimate the upperlimit of the velocity inte- 
grated CO line flux {Iqo = / Sqo dv, where 5*00 de- 
notes the CO flux density per beam). First, we adopted 
Av = 220 km s~^, which was the velocity width of the 
emission feature reported in K05. In this case, a 3<j up- 
perlimit of 3 • SIco = 0.96 Jy km s~^ can be set on the 
host galaxy. This is less than half of the upperlimit at- 
tained in K05. 

Since the CO (J = 1-0) emission line was not 
detected, the host galaxy of GRB 030329 is most 
likely to b e a dwarf galaxy a s observed in the op- 
tical band (iFruchter et al.l l2003l: iMatheson et all l2003l : 
iGorosabel et al.ll2005l : ISollerman et all 120051 ). For this 
reason, we next adopted Av = 95 km s~^ as a more 
realistic estimation of the velocity width of the host 
galaxy. This is the avera g; e of the 115 dwarf galax- 
ies selected by iLerov et"aD (|2005f ) with rotation veloc- 
ities of Vrot = 67km s"-*^, multiplied by sin 45° assum- 
ing an inclination angle of 45°. In this case, we derive 
3 • SIco = 0.60 Jy km s'^. 

3.2. Combined Data With lKohno et all \200A ) 

Since no CO line emission features were detected in 
our data, we combined our data with the K05 data in 
order to obtain the lowest possible upperlimit on the to- 
tal flux. Figure [T] shows the intensity map of the direc- 
tion of GRB 030329 integrated over Av = 220 km s^^ 
Figure [2] shows the spectrum in the 98 GHz band to- 
ward GRB 030329. The significance of the emission 
feature reported in K05 has been reduced to near the 
rms noise level (~1.5 a). We again place an upperlimit 
on the velocity integrated flux density of the CO emis- 
sion from the host galaxy using the two abovementioned 
candidates for estimating the line velocity width. As- 
suming Av = 220 km s~^, the 3a upperlimit of Iqo is 
3 • SIco = 0.89 Jy km s~^. Likewise, Av = 95 km s~^ 
yields an upperlimit of 3 • SIco = 0-51 Jy km s~^. We 
will adopt 3-SI = 0.51 Jy km s~^ in the subsequent sec- 
tions, assuming that the host galaxy is an average dwarf 
galaxy. 

4. DISCUSSION 
4.1. Molecular Gas Mass 

The total molecular gas mass (Mhs) of a galaxy is 
proportional to its CO line luminosity (L'co); = 
acoL'co-, where aco is the CO line luminosity to H2 
molecular gas mass conversion factor {aco factor). Here, 
we make an attempt to set an upperlimit on the molec- 
ular gas mass of the host galaxy of GRB 030329. 

The 3(7 upperlimit of the L' co can be calculated 
from the obtaine d SIco, using the following formula 
([Solomon & vande^^outJ 2005) : 

3 • 5L'co = ( 1^ ) • (3 • 5Ico) ■ dl ■ v-l{l + 
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Fig. 1. — Intensity map of the direction of GRB 030329 obtaine d 
after combining our data with that from IKohno et al.l (|2005I V 
The intensity is integrated over a velocity width of 220 k m s"- *^, 
to allow direct comparison to Figure 3 in "Kohno et al." ('2 0051 ). 
The synthesized beam, shown in the right bottom corner, is 
6(^95 X 5(^94 (position angle = —43°). The contour interval is 
0.46 Jy beam"-*^ km s"-*^ (1.5cr). Solid contours indicate positive 
fluxes, and broken contours indicate negative fluxes. The cross hair 
at the center coincides with the position of the GRB 030329 optical 
afterglow (ajsooo = 10^44^^50.03, (5j2ooo = +21°3ia8(a5). The 
emission feature at the center has almost disappeared (< 1.5cr), 
and its signiflcance could not be improved by increasing spectral 
resolution. 
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Fig. 2. — Spectrum observed in the 98 GHz band toward 
G RB 030329. The th in lines represent the spectrum presented 
in 'Kohno et al.l (|2005l ') . and the thick line shows the spectrum 
produced by combining our data with those of K ohno et al.l 
(2005). The spectrum is smoothed to a resolution of 16 MHz or 
48.6 km s"-*^. The horizontal bar indicates the velocity range where 
a possible emission feature is visible in the old spectrum centered 
in the redshifted CO (J = 1-0) emission frequency (98.65 GHz) of 
GRB 030329 {z = 0.1685). The rms noise level has improved from 
3.8 mjy beam~^ to 2.0 mjy beam~^, and the emission feature 
has lost its signiflcance. The signiflcance could not be improved by 
changing the smoothing factor. 
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TABLE 2 

Influence of Different Values of Host Galaxy Metallicity upon the 

Results 



12 + log(0/H) 


Q:cO 


3 • (5Mh2 


3 • (5Eh2 


3 • (5SFR 




{Mq (K km s-i pc2)-i) 


(lOio Mo) 


(Mo pc-2) 


Mo yr-l 


(1) 


(2) 


(3) 


(4) 


(5) 


7.9 


40 


2.8 X 10^0 


72 


38 


8.3 


16 


1.1 X IQio 


29 


11 


8.6 


7.9 


5.5 X 10^ 


14 


4.0 



Note. — Col. (1): Possible values of the host galaxy's metallicity; Col. (2): The CO 
line luminosity to H2 molecular gas mass conversion factor, calculated using equation (|2t : 
Col. (3): The 3cr upperlimit of the total molecular gas mass, calculated using equation 
((3]) : Col. (4): The 3cr upperlimit of the molecular gas mass column density; Col. (5): The 
3cr upperlimit of the total star formation rate of the host galaxy, calculated using equation 



TABLE 3 

Constraint on the Molecular Gas Mass of the Host Galaxy of GRB 030329 





SSqo 


3 • SL' CO 


3 • (5Mh2 


3 • (5Eh2 


Ref. 




(mjy beam"-*^) 


(10^ K km pc2) 


(lOio Mo) 


(Mo pc-2) 






(1) 


(2) 


(3) 


(4) 


(5) 


1^* run 


4.0 


15 


6.1 


1.6 X 10^ 


1 


2^^ run 


2.1 


8.1 


3.2 


85 


this study 


total 


1.8 


6.9 


2.8 


72 


this study 


from OH absorption 








112 


2 



References. fP lKohno et al.ll2005l : f2) lTavlor et al.ll2005l 

Note. — Col. (1): The rms noise level (Icr) of the flux density per beam. The spectral resolution is 
32 MHz, which corresponds to a velocity width of 97 km s"""^; col. (2): The 3cr upperlimit of the CO(J = 
10) line luminosity, assuming a line velocity width of Av = 95 km s"""^; col. (3): The 3cr upperlimit of the 
total molecular gas mass, assuming aco = 40 Mq (K km s~^ pc^)~^ col. (4): The 3cr upperlimit of the 
molecular gas mass column density. The values derived from the CO line observation are averaged within the 
synthesized beam. The value derived from OH absorption is the density within the line of sight toward the 
GRB, assuming a galactic OH/H2 abundance value; col. (5): References. 

2 / \ -1 




K km s ^pc^. 



(1) 



The uncertainty of the aco factor is one of the largest 
error sources of the CO-measured molecular gas mass. 
There is a large variation of about two orders of mag- 
nitude in the global aco factor among galaxies. The 
dwarf galaxies, which have poor metallicity, tend to have 
large aco fa ctors (e.g., acp = 40 Mq (K km s~^ pc^)~^ 
for SMC; iMizuno etld] 120011 ) as compared to the 
Galactic value { aco = 2.9 Mq (K km s~^ pc^)~^; 
iDame et al.ll200ll ). On the other hand, the nearby metal- 
rich ultra-luminous infrared galaxies (ULIRGs) typi- 
cally have an aco factor of <1 Mq (K km s~^ pc^)~^ 
(jPownes fc SolomonlfToOSh . 

Although the aco factor of the GRB 030329 host 
galaxy is unknown, we can estimate it by using the fol- 
lowing correlation between the metallicity and the aco 
fact or, which holds for th e nearby dwarf and spiral galax- 
ies (|Arimoto et al.lll996f ). 



perfo rm the standard R22, diagnostic (|Kewlev fc Dopital 
I2OO2I ) and estimate the metallicity of the host galaxy. 
However, the ratio has a maximum value at 12 + 
lo g(0/H) ^ 8.5, and the r esult is two- valued. According 



to 



log aco 




9.5. 



(2) 



ISollerman et al.l (|2005l ) conducted a series of opti- 
cal photometry and spectroscopy of the host galaxy 
of GRB 030329, and successfully measured the R22, = 
([Oil] A372 7+[OIII] AA4959,5007 )/H/3 emission line ra- 
tio (see also lGorosabel et al.ll2005} ). This allowed them to 



Sollerman et al.l (|2005l ), the lower and upper branch 
values are 12 -h log(0/H) = 7.9 and 8.6, respectively. 
Though it is customary to break this degeneracy using 
other line ratios such as [Nil] A6584/[OII] A3727, they 
were not able to do so because unfortunately none of 
these pairs came above their detection limit. Instead, 
the y used th e meta llicity-luminosity relation presented 
by (Lee et all (|2003l) and the ho st galaxy's Mb magni- 
tude {Mb ^ -16.5: iGorosabel et al...2005 ). This yields a 
host galaxy metallicity closer to the lo wer branch value, 
i .e., ; 12 + log(0/H) - 8.1. Therefore, ISollerman erahl 
(|2005l ) state that the lower branch value is more plausi- 
ble. Recently, a stronger upperlimit on the [Nil] A6586 
has been reported by Thoene et al] (|2006l ). which also 
supports the lower branch value. 

However, a recent update of the metallicity-luminosity 
relation using ~53,000 star-forming galaxies in the Sloan 
Digital Sky Survey yields a metallici ty of ^0. 2 dex higher 
than the relation reported by Lee et aP (|2003 ) for a given 
Mb magnitude (|Tremonti et al.l l2004l ). Adopting this 
relation, the host galaxy metallicity is estimated to be 
12 + log(0/H) = 8.3 ± 0.16, which falls equally close to 
the two i?23 solutions. Moreover, it should be noted that 
the i?23 method rapidly loses sensitivity near its local 
maximum at 12 + log(0/H) ~ 8.5. For example, apply- 
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iriK i^^.s = 6.1 and [QU I] AA4950, 5008 /[Oil] A3727 = 2.8 
(ISoherman et al.l I2005D to the cali bration diagram pre- 
sented bv iKobulnickv et al] (|l999l . Figure 8) yields two 
closely neighboring solutions at around 12 + log(0/H) ~ 
8.3-8.6 with errors of ±0.25 dex each. Therefore, we 
must say that there is quite a large ambiguity in the host 
galaxy's metallicity, ranging from 12 + log(0/H) ~ 7.9 
to ~8.6. This difference has a considerable eflFect on 
the upperlimits of the molecular gas mass and SFR of 
the host galaxy, as summarized in Table [H We will 
adopt 12 + log(0/H) = 7.9 in the subsequent discus- 
sion, which yields the most conservative upperlimits for 
both of these values. Substituting this in equation ([2]) 
yields aco = 40 M© (K km s"^ pc^)""^. 

Applying the above-mentioned values of 3 • 5L' co and 
aco^ the 3<j upperlimit of the total molecular gas mass of 
the host galaxy of GRB 030329 can be derived as follows: 



3-^MH,=aco-(3-5L'co) 



:2.8 X 10 



10 



Q^CO 



UO Mq (K km s-i pc2)-i 
3 • SL'co 



6.9 X 10^ K km s-i pc^ 



Mr.. 



(3) 



Assuming a Gaussian profile, the synthesized beam (6'.'95 
X 5'.'94, FWHM) corresponds to a surface area oi S = 
3.8 X 10^ kpc^ at z = 0.1685. After adopting this value, 
the 3cr upperlimit of the average molecular gas mass sur- 
face density (Srs) within the beam can be calculated as 

7 2 Mc^ pc-^ 

iTavlor et al.l (|2005) measured the OH main line opac- 
ity of the host galaxy of GRB 030329 and set an up- 
perlimit of 3 • (5Sh2 =112 Mq pc~^ using the relation 
^oh/A^H2 ^ 1 X 10~^. However, so far, this relation 
holds only for Galactic dark clouds (|Liszt fc LucasllT999l ) 
and the four intermediate-redshift molecular absorption 
systems (Kanekar fc Che ngalur 200^). This ratio may be 
lower in a galaxy with a low metallicity, thereby resulting 
in an even higher upperlimit on Shs- Nevertheless, the 
upperlimit we have set on the of the host galaxy of 
GRB 030329 is the lowest ever to our knowledge. 

4.2. Star Formation Rate 

We can place a constraint on the total SFR of the host 
galaxy of GRB 030329, using the upperlimit of the 
deriv ed above. Using the global Schmidt law (|Kennicuttl 
|1998[ ), which ho lds for spiral and dwarf gi:alaxies on a 
large scale (e.g., iKomugi et al.|[2QQ5l : iLerov et al.ll2005D . 
the 3cr upperlimit of the total SFR of the host galaxy 
can be deduced as follows: 



3 -^SFR = 38 X 



3 -(51]^ 



1.4 



72 Mq pc- 



S 



3.8 • 102 kpc2 



yr 



(4) 



Note that adopting a smaller aco factor of 7.9 
Mq (K km s~^ pc^)"^ leads to a considerably more rigid 
upperlimit of 3 • ^SFR = 4.0 Mq yr^^ The influence of 
different possible values of the host galaxy's metallicity 



TABLE 4 

SFR OF THE Host Galaxy of GRB 030329 



Observational Method 



(1) 



SFR 
(Mo yr-l) 
(2) 



Ref. 



(3) 



CO (J = 1-0) 
[Oil] 3727 and Balmer lines 
Photometric SED 
Submillimeter continuum 
X-ray luminosity 



<38 ^ 
-0.6^ 
~0.54 ^ 
<200 ^ 
<200 ±80 



This study 
1 
1 
2 
3 



References. 



ii 



Gorosabel etalMm^ , f2 lSmith et al.l 
[2QQ1 . 

The observed emission feature; col. 



l2QQ5l: rS lWatson et al. 

Note. — Col. (1): 
(2): The measured star SFR; col. (3): The instrument used 
for observation; col. (4): References. 

^ Adopting aco = 8.6 Mq (K km s""^ pc^)~^ leads to a 
more rigid upperlimit of <4.0 Mq yr~^.^ Assuming the SMC 
extinction law {Ay ~ 0.6).^ We calculated the SFR based on 
the reported 3cr upperlimit of the submillimeter flux density 
using the relation between the submillimeter flux density and 
the star formation rate (iCarilli Yunj|1999f) . 

is presented in Table [U where a summary of results from 
several studies are presented in Table [3l 

Recent ly, there have be en reports o n the submil- 
limeter (|Smith et all I2QQ5D and X-ray (jWatson et all 
2004) observations of the host galaxy of GRB 030329 
as well as optical obse rvations corrected for extinction 
(jGorosabel et alJl2005h . Table [1] lists the SFRs of the 
host galaxy measured with various star formation trac- 
ers. The upperlimits derived from non-detections are 
included. Our upperlimit, which is derived from the 
molecular gas mass measured by the CO line luminos- 
ity, is the most rigid among the observational methods 
that are intrinsically free of dust extinction, even when 
the uncertainty of the aco factor is considered. This re- 
sult confirms the moderate SFR (<C 100 Mq yr~^) of the 
host galaxy. 

4.3. What is the True SFR of GRB Host Galaxies? 

Many observations of GRB host galaxies in the op- 
tical/UV range infer that GRB host galaxies are blue, 
sub-luminous dwarf galaxies with only a moderate SFR. 
However, SFR measurements in the optical/UV band can 
underestimate the true SFR if severe extinction by dust 
is present. Recently, there have been more such stud- 
ies that make an attempt to correc t for dust extinction , 
mostly using optical SED fits (e.g.. ISokolov et ani200ll ). 
Such corrections are useful up to an extent, but lose ef- 
ficiency when the clouds of dust are so thick that the 
optical emission is completely obscured from view. 

Recently, many groups have begun to measure the 
SFRs of GRB host galaxies using various methods that 
are immune to dust extinction, in order to confirm the 
optical/UV results. Among them is the present study us- 
ing the molecular gas mass measured by the CO emission 
line. In Table O we present a list of GRB host galaxies 
whose SFRs are measured in the optical/UV band and at 
least one other extinction-free method. As can be seen, 
these results do not necessarily coincide with each other. 

Figure [3] shows how the SFR of GRB host galaxies 
in Table [5] measured by extinction-free methods appear 
when compared to their SFRs measured in the opti- 
cal/UV band. As can be seen, most of the results (pos- 
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Fig. 3. — A comparison between the SFR of GRB host galaxies measured by optical methods and other methods that are free of dust 
extinction. References are listed in Table [5] The abscissa is the SFR measured by optical methods, namely, [Oil] A3727 and Balmer 
line luminosities and UV continuum luminosity. The ordinate is the SFR measured by various tracers in wavelengths other than those 
belonging to the optical/UV band, namely, CO line luminosity (circles; this study), radio (squares), submillimeter continuum luminosity 
(tilted squares), mid/far infrared continuum luminosity (triangles), and X-ray luminosity (stars). Solid symbols have optical SFRs corrected 
for dust extinction, and the open ones are not corrected for extinction in the host galaxy. The symbols with arrows are upperlimits for 
the host galaxies without any significant detection in the extinction free wavelength. The solid line indicates a one-to-one correspondence 
between the two SFRs. The broken line indicates the uncertainty of the upperlimit measured by the CO line luminosity, which originates 
due to the uncertainty of metallicity and the aco factor. It is observed that SFRs measured using optical/UV wavelengths are significantly 
smaller compared to other methods, even after correction for dust extinction. 



itive detections as well as upperlimits) of extiction-free 
methods demonstrate SFRs that are greater than the 
optical results by one to a few orders of magnitude. 
The "positive detections" that are especially above the 
one-to-one correspondence line are the results of submil- 
limeter and radio observations by Berger et al. (2003), 
where some of these call into question by the much lower 
"upperlimi ts" set by the non-de tection in mid-IR ob- 
servations (i Le Floc'h et al.ll2QQ6f ). In order to confirm 
whether GRB host galaxies are actually sub-luminous 
dwarf galaxies as they appear in the optical view, or 
dusty active star forming galaxies as they seem to appear 
in the submillimeter band, measurements with sensitiv- 
ity to star forming activity as high as the optical/UV 
methods must also be performed in other wavelengths. 
The CO measurement has the potential of becoming 



one of such methods, especially by virtue of future in- 
struments with higher sensitivity, such as the Atracama 
Large Millimeter-and-submillimeter Array (ALMA). 

5. CONCLUSION 

No CO (J = 1-0) emission was detected from the GRB 
030329 host galaxy. The 3a upperlimit on the CO (J = 
1-0) line luminosity of the host galaxy is 3-5L'co = 6.9 x 
10^ K km s~^ pc^. The lower limit of the host galaxy's 
metallicity is estimated to be 12 + log(0/H) ~ 7.9 , 
which yields a CO line luminosity to H2 conversion fac- 
tor of aco = 40 Mq (K km s~^ pc^)~^. Assuming this 
aco factor, the 3a upperlimit on the molecular gas mass 
of the host galaxy is 3 • JMr^ = 2.8 x 10^° Mq. Us- 
ing the Schmidt law, the 3a upperlimit on the total 
star formation rate of the host galaxy is estimated to be 
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TABLE 5 

Star Formation Rate of GRB Host Galaxies 



Source 


Unobscured SFR 


Trcicer 


Ref. 


Optical SFR 


Tracer 


Extinction 


Ref. 
























(A) 










GRB 970228 


<335 


Submm 


1 




[Oil] 


no 


2 


GRB 970508 


<380 


Submm 


1 


-^10 


[Oil] 


yes 


4 




<17 


IR 


3 








GRB 970828 


80 ±60 


Radio 


1 


-1.1 


[Oil] 


no 


5 




24 t Z 


IR 


3 








GRB 971214 


120 ± 275 


Submm 


1 


-5.2 


uv 


no 


6 


GRB 980425 


0.4 


IR 


3 


-0.35 


Ha 


no 


8 




<2.8 ±1.9 


X 


7 










GRB 980613 


380 ± 200 


Submm 


1 


-5.6 


[OH] 


no 


9 




50 ± 140 


Radio 


1 










Q7 + 156 
^' - 52 


IR 


3 










GRB 980703 


<380 


Submm 


1 


-14 


H/9 


yes 


4 




180 ± 25 


Radio 


1 












<24 


IR 


3 










GRB 981226 


150 ± 85 


Radio 


1 


1.2 ±0.3 


UV 


no 


10 


GRB 990123 


<140 


IR 


3 


-3.6-4.6 


UV 


no 


11 


GRB 990506 


<170 


IR 


3 


-12.6 


[OH] 


no 


12 


GRB 990705 


190 ± 165 


Radio 


1 


-5-8 


UV 


no 


13 




32 + ?I 
- 11 


IR 


3 










HRR QQ1 9ns 


<370 


O UUllllll 






H/? 


yes 


4 




70 ± 30 


R^adio 


I 










GRB 000210 


560 ± 165 


Submm 


1 


-3 


[Oil] 


yes 


14, 15 




90 ± 45 


Radio 


1 








GRB 000418 


690 ± 195 


Submm 


1 


-15.4 


[Oil] 


yes 


16 




330 ± 75 


Radio 


1 








GRB 000911 


495 ± 195 


Submm 


1 


-2.7 


UV 


yes 


17 




85 ±70 


Radio 


1 










GRB 000926 


820 ± 340 


Radio 


1 


-24 


UV 


yes 


18 


GRB 010222 


610 ± 100 


Submm 


1 


1.5 




no 


1 




300 ± 115 


Radio 


1 












<130 


IR 


3 










GRB 030329 


<4.0 - 38 


CO 


19 


-0.6 


[Oil] 


yes 


20 


GRB 031203 


<150 ±110 


X-ray 


7 


>11 


Ha 


yes 


21 



31o 



al. 



I 2001) 



3;Le Floc'h et al. 12006); 4; Sokolov et al. I 20 0j|); 
2004); 8;Sollerman et al. (2005); 9; Diorgovski et all 
12; Bloom et al. (2003); IS; Le Floc'h et al. I 200^ ): 



References. — l^Berger et al. 12003) 
5;Diorgovski et al. 12001); 6; Kulkarni et al. (1998); ?; Watf 
r2003); 10' Christen sen et al. (2005); li; Bloom et al. (1999) , 

14lPiro et al.| |2002i ); 15;Gorosabel et al. (2003) 16; Gorosabel et al. l20qj); IT lMasetti et al.l il2005l ); IS lFynbo et al.l 
120011 1; 19)this work. 20|Gorosabel et al. (2005); 2i;Prochaska et al. (200^). 

Note. — Col. (1): Source name; col. (2): SFR derived from tracers free from dust extinction; col. (3): SFR tracer 
of col. (2); col. (4): References to col. (2); col. (5): SFR derived from optical tracers; col. (6): SFR tracer of col. (5). 



[Oil] is the 3727 A doublet; col. (7): Whether the SFR i 
or not. col. (8): References to col. (5). 

3- JSFR = 38 Mq yr-^ Though the host galaxy of GRB 
030329 is most hkely a compact dwarf galaxy as seen in 
the optical band, multi-wavelength observations of GRB 
host galaxies are still essential in estimating their SFR 
accurately in order to reveal their star forming nature. 
The CO line observations will play an important role as 
an independent SFR estimator, free of dust extinction 
and ambiguity of dust temperature. 
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